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Abstract 
The success of any implant, dental or orthopaedic, is driven by the interaction of implant material 
with the surrounding tissue. In this context, the nature of the implant surface plays a direct role in 
determining the long term stability as physico-chemical properties of the surface affect cellular 
attachment, expression of proteins, and finally osseointegration. Thus to enhance the degree of 
integration of the implant into the host tissue, various surface modification techniques are 
employed. In this work, laser surface melting of titanium alloy Ti–6Al–4V was carried out using 
a CO2 laser with an argon gas atmosphere. Investigations were carried out to study the influence 
of laser surface modification on the biocompatibility of Ti–6Al–4V alloy implant material. 
Surface roughness, microhardness, and phase development were recorded. Initial knowledge of 
these effects on biocompatibility was gained from examination of the response of fibroblast cell 
lines, which was followed by examination of the response of osteoblast cell lines which is 
relevant to the applications of this material in bone repair. Biocompatibility with these cell lines 
was analysed via Resazurin cell viability assay, DNA cell attachment assay, and alamarBlue 
metabolic activity assay. Laser treated surfaces were found to preferentially promote cell 
attachment, higher levels of proliferation, and enhanced bioactivity when compared to untreated 
control samples. These results demonstrate the tremendous potential of this laser surface melting 
treatment to significantly improve the biocompatibility of titanium implants in vivo. 
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1. Introduction  
Over the last few decades significant advances have been made in the field of orthopaedic 
implantation surgery. However, biocompatibility and premature failure of the implants still 
remains an issue particularly in hard tissue replacements such as total hip implants. The Swedish 
Total Hip Replacement register reports nearly 75% of the implants are affected by osteolysis, 
leading to a re-operation or ‘revision’ [1]. The main cause of osteolysis is the release of ions due 
to metal-on-metal wear in bearing surfaces. In an attempt to remove/dissolve the implant debris, 
the body releases enzymes and other cellular reactions around the implantation site, which causes 
a chronic inflammatory condition [2]. Since this debris originates from implant surfaces, 
biocompatibility of implant material becomes the fundamental requirement for choosing a 
metallic implant; the material has to exhibit properties nontoxic to the surrounding biological 
system [3]. 
Titanium and its alloys, especially Ti–6Al–4V, are widely used as bone interfacing implant 
material for both dental and orthopaedic applications due to their excellent mechanical 
properties, wear and corrosion resistance, and biocompatibility [4–6]. Several studies have 
revealed that the formation of a stable and strong 
oxide layer on the titanium surface in the presence of body fluids favours osseointegration of the 
implant and the surrounding tissue, thus contributing to prolonged implant lifetime [7, 8]. Due to 
growing global market for orthopaedic implants based on titanium alloys [9], various surface 
modification techniques have been employed to improve its functionality, durability and 
biological response by controlling microscopic structure and tuning surface chemistry, 
topography, roughness, wettability, surface charge and surface energy [10, 11]. For example, the 
electron beam melting technique is often employed to increase roughness and attachment of 
biological cells [12]. By mineralizing the surface with calcium apatite, the interaction between 
bone and alloy can be improved [13].  
Laser gas nitriding and blasting the surface with particles like Al2O3 or SiO2 leads to increased 
surface area and imparts resistance to corrosion [14, 15]. Techniques such as double glow plasma 
[16], arc ion plating (AIP) [17], application of a hydroxyapatite coating [18], and cryogenic 
treatment have been successful in improving the wear resistance, adhesion properties and surface 
hardness of implants [19]. Selective laser melting (SLM) of the surface can be employed to 
lower porosity and fabricate parts with almost same density as bulk Ti–6A–l4V [20]. Among the 
above described methods, laser induced surface modification techniques have attracted enormous 
scientific interest. One of the most attractive features of laser processing is that the inherent 
biocompatibility of the starting material has been found to be not negatively affected during 
processing [21] and causes minimal contamination which promotes osteointegration and 
subsequent better implant stability [22–25].  
Biocompatibility properties of laser modified surfaces have been extensively studied. Hao et al 
showed that improved surface roughness and surface energy generated by laser treatment 
accounted for better wettability characteristics recorded for the material and promoted cell 
adhesion in biological media [26]. An enhancement of cell spreading and adhesion was 
demonstrated on longitudinally and transversally oriented micro-grooves produced by the laser 
irradiation of Ti– 6Al–4V surfaces by Chen et al [27]. Contact guidance was found to promote 
cell adhesion due to increased interactions between the focal adhesions and the extracellular 
matrix (ECM) proteins patterned on the laser micro-grooved surfaces. In addition it has been 
demonstrated that implant surface roughness and porosity have significant effects on the 
interface response to the implants, mainly with comparatively increased bone formation on 
rougher surfaces and increased fibrous tissue formation on smooth implants [28]. Grizon et al 
found that rougher titanium implants produced a stronger bone response compared to smoother 
implants after a long term implantation [29]. Wennerberg and colleagues demonstrated that wave 
structures with an average wavelength of 11.6 µm and height deviations of 1.4 µm were optimal 
for titanium orthopaedic biomedical implants [22, 30]. 
In our previous work, we gained an understanding of the mechanisms of formation of surface 
roughness, melt pool depth, phase transformation, residual strain and chemical composition of 
the microstructures on Ti–6Al–4V processed via high speed laser processing [31]. The work 
presented in this paper is focused on an in-depth investigation of the effects of laser surface 
melting on in-vitro biocompatibility of Ti–6Al–4V by culturing fibroblast and osteoblast cell 
lines on the surfaces to determine in vitro cytotoxicity, cell viability, cell attachment, 
proliferation and metabolic activity. Initial knowledge of these effects was gained from the 
fibroblast cell lines which led to the work performed on the osteoblast cell line relevant to the 
applications of this material in bone repair. 
 
2 Materials and methods 
2.1. Sample preparation 
Laser surface melting was conducted on conventional biomedical titanium alloy Ti–6Al–4V. 
Composition of the as-received flat annealed alloy samples is listed in table 1. The workpiece, 
100 mm long, 20 mm wide and 4 mm high, was grit blasted prior to laser treatment in order to 
remove surface defects from the alloy. Profilometry measurements of the grit blasted alloy 
showed an average roughness of 0.56  ±  0.10 μm. 
Laser surface melting of Ti–6Al–4V alloy was carried out using a 1.5 kW CO2 laser as 
previously described [29]. In brief, a continuous mode CO2 laser (Rofin DC015, Mechatronic, 
UK) system was used to irradiate the surface of Ti–6Al–4V alloy at different levels of irradiance 
(15.72, 20.43 and 26.72 kW mm
−2
) and residence time (1.08, 1.44 and 2.16 ms) to fabricate laser 
treated Ti–6Al–4V surfaces. The resulting nine laser processing conditions are summarized in 
table 2 in terms of applied energy density. The other input parameters (for example, dwelling 
time, raster frequency, laser spot size, angle of incidence, atmosphere) were kept constant to 
obtain a detailed understanding of the effect of energy density on the surface properties. The 
Gaussian laser beam was focused on the work-piece surface providing a laser spot size of 90 μm. 
Irradiation was carried out using a raster scan with a partial overlap of 30% in order to provide 
for microstructural and compositional homogeneity.  
 
 
These parameters were chosen to melt the surface with different degrees of melt superheat. 
Separate flat areas of 10 mm by 20 mm were prepared on the workpiece with each set of laser 
processing parameters. Argon at a pressure of 200 kPa was used as an assist gas to avoid 
oxidation during laser processing. The laser beam was kept perpendicular to the workpiece 
during laser irradiation to maximise the absorbance and ensure uniform conditions for processing 
[30]. Four work pieces each of 100 mm were processed with nine different laser processing 
conditions (each condition being processed onto a separate region of 10 mm by 20 mm). These 
work pieces were sectioned into individual 10 mm by 20 mm samples resulting in four samples 
per set of laser processing conditions in order to allow repeatability calculation from the 
biocompatibility testing.  
Samples for testing were cut with a diamond cut-off wheel from these work pieces, 
ultrasonically cleaned in acetone, isopropanol (IPA) and deionised water each for 10 min, and 
placed in labelled polypropylene bags for storage. Samples were sterilised at 105 °C for 24 h in 
dry state before cell culture testing. Non-laser treated samples, washed according to the same 
protocol, were used as the control samples in the cellular tests unless otherwise stated. 
The influence of the process parameters on the microstructure of the modified surface topology 
was studied by using scanning electron microscopy (SEM) (Carl Zeiss, EVO LS15, UK) with the 
aim of providing a better understanding of the process. Surface mean roughness (Ra) 
measurements were performed using a stylus profilometer (Civil Instruments TR200, Canada). 
For detailed microstructure analysis, the surface was sectioned and SEM images of these sections 
were taken normal to the surface of the sample. Sampling and evaluation lengths used were 0.8 
mm and 4 mm respectively.  
Five measurements were taken to obtain the average roughness for each sample, according to 
ISO 4287/4288. Vickers microhardness tests, using a Leitz mini-load tester with diamond 
indenter, a set load of 500 mN, and 30 s indentation time, were performed on transverse sections 
through the surface. The contact angles, θ, of deionised water on the untreated and laser treated 
Ti–6Al–4V were determined in atmospheric conditions using a sessile drop measuring machine 
(goniometer), FTÅ 200 angstrom. Dedicated proprietary software was used to measure the 
wetting angles. Three measurements taken at different positions were averaged to get the final 
contact angle value for each sample. Element analysis and chemical characterisation were 
performed with an energy dispersive x-ray spectrometer (EDS), Inca X-Act and Microanalysis 
suite from Oxford Instruments. The chemical compositions of eight points along a line normal to 
the surface were measured beginning at 8 μm beneath the surface and with each point separated 
by 8 μm, thus giving an analysis range of 64 μm covering both the untreated and laser melted 
regions. 
 
2.2. Resazurin cell viability assay  
The viability of BALB 3T3 cells (mouse embryonic fibroblast cell line) seeded on the titanium 
samples was assessed using the resazurin cell viability assay. Resazurin acts as an indicator to 
measure cell metabolic activity. Viable cells retain the ability to reduce nonfluorescent resazurin 
to resorufin, which is highly fluorescent at 590 nm while non-viable cells do not reduce the 
indicator dye, and thus do not generate a fluorescent signal. The percentage reduction of the 
resazurin dye by BALB 3T3 cells is dependent on cell number but also on the time available for 
cell reduction. In order to determine the optimal time points to measure the formation of 
resorufin, different time points were first investigated in a 24 well microtitre plate. Cells were 
seeded at a density of 30,000 cells/well and allowed to attach and proliferate for 48 h by which 
time the cell number was approximately 120,000 cells/ well.  
A final approximate cell density of 120,000 cells per well in a 24-well plate was maintained 
throughout all experiments as a standard. This number of cells relates to sub-confluent conditions 
in the 24-well plate. The medium over the cells was then replaced with medium containing a blue 
dye, resazurin (44 µM). The reduction of resazurin to resorufin was measured at 1 h intervals. 
Results presented in this work are the average of three individual experiments from three of the 
four separate prepared samples for each set of conditions. It was found that the dye reduction 
remained linear for 3 h but beyond this point the dye reduction became increasingly non-linear, 
as shown in the online supplementary figure S1(stacks.iop.org/BMM/10/015007/mmedia). 
Measurements beyond this time range would therefore underestimate cell proliferation and 
would give an inaccurate representation of cell number. Therefore a 3 h time point was used for 
all subsequent experiments. Thus, BALB 3T3 cells were seeded on the laser treated samples in 
each well at a density of 30,000 cells/well and the reduction of resazurin to resorufin was 
measured at 3 h after seeding. For the resazurin assay, the untreated sample was cleaned as 
described in section 2.1. The positive control was measured from cells in a phosphate buffered 
saline (PBS) (5×)/ trypsin solution (GibcoW, Invitrogen Brasil Ltd, Sao Paulo, SP, Brazil). This 
positive control was set as the 100% reduced reazurin reference level for comparison of other 
sample results. The negative control was measured from cells on cover glass slides (VWR 
Scientific, USA). 
 
2.3. MTT assay 
Cytotoxicity tests were performed in accordance with ISO10993-5; 2009 guidelines and included 
the direct contact, the indirect contact and elution tests with MTT as an endpoint. The in vitro 
cytotoxicity assessment of the Ti–6Al–4V samples was performed with the mouse embryo 
fibroblast (NIH/3T3) cell line which was composed of 178 ml Dulbecco’s modified Eagles 
medium (DMEM), 20 ml of fetal calf serum (FCS), 1 ml of penicillin-streptomycin, and 1 ml of 
amphotericin B. An MTT stock solution (5 mg ml
−1
) was made by dissolving 50 mg of MTT salt 
in 10 ml of sterile PBS. The solution was filtered through a 0.22 μm polyethersulfone (PES) 
membrane filter, kept in the dark, and refrigerated at <4 °C. NIH/3T3 cells were seeded at 
500,000 cells ml
−1
 in 60 mm tissue culture plates and incubated at 37 °C until confluent. Sterile 
laser treated and untreated Ti–6Al–4V samples were placed in the centre of confluent cultures 
covering approximately 10% of the growth area and incubated for a further 24 h at 37 °C. 
Following careful removal of samples with sterile tweezers, and cell incubation in MTT 
medium (0.5 mg ml
−1
) for 4 h, the MTT media was carefully aspirated off and dimethyl sulfoxide 
(DMSO) was added to each well to aid in solubilisation of the crystals. Plates were shaken for 15 
s and incubated at room temperature for 10 min prior to recording optical densities at 540 nm, 
with cell viabilities calculated as a percentage of untreated control cells using equation (1) and 
presented with ± the standard error of the mean (SEM σM). 
 
 
2.4. Hoechst 33258 DNA pre-osteoblast cell attachment assay 
2.4.1. Cell attachment and proliferation.  
MC3T3 pre-osteoblast cells were seeded onto titanium samples at a seeding density of 2.5  ×  10
5
 
cells. The seeded samples were cultured in 1 ml of in standard media (αMEM media (BioSera) 
supplemented with 10% fetal bovine serum (BioSera), 2% penicillin/streptomycin (Sigma 
Aldrich), and 1% l-glutamate (Sigma Aldrich)). At 2 h, 3 and 7 d, the cells were removed using a 
trypsinethylenediaminetetraacetic acid (EDTA) solution, and digested using papain solution to 
expose the DNA. Cell number was quantified using Hoechst 33258 DNA assay. Hoechst dye 
binds to DNA (hence the exposure of DNA required) and fluoresces, which results in higher 
levels of fluorescence with higher amounts of DNA. Measurements were made using a 
fluorescence spectrophotometer (Varioskan Flash, Thermo Scientific) (excitation: 355 nm; 
emission: 460 nm) and readings were converted to cell numbers using a standard curve. Cell 
attachment was determined using at 2 h post seeding and cellular proliferation at 3 and 7 d post 
seeding. 
 
2.4.2. Metabolic activity.  
Metabolic activity of pre-osteoblast cells was evaluated using the alamarBlue
®
 assay. 10% 
alamarBlue
®
 solution (Invitrogen, UK) was made using α-MEM media (BioSera) and 
alamarBlue
®
 dye. AlamarBlue
®
 is a compound that is reduced in cells and this reduction results 
in a colour change of the solution, thereby indicating the cell metabolic activity. The samples 
were then removed from the media and placed in 24 well plates with 1 ml of 10% alamarBlue
®
 
solution in each well. The samples were then incubated at 37 °C and 5% CO2 for 4 h. They were 
then transferred back to 24 well plates with 1 ml of media in each well, and the alamarBlue
®
 
solution pipetted out in 100 µl triplicate on 96 well plates and read with a spectrophotometer at 
540 and 620 nm absorbance. This process was repeated at 24 h (1 d), 96 h (3 d) and 168 h (7 d) 
to assess cell metabolism. 
 
2.5. Statistical analysis 
One way repeated analysis of variance (ANOVA), followed by Holm-Sidak multiple 
comparisons, were performed to compare data. T-tests were also used to compare the treated and 
untreated samples. Error bars on figures report data standard deviations and p < 0.05 was used as 
the probability value to determine significance, unless otherwise stated. 
 
Results 
3.1. Surface characteristics 
The effect of laser processing parameters on resulting microhardness with respect to depth from 
the laser treated surface is shown in figure 1. This SEM image shows the microstructure in the 
transverse (perpendicular) direction to the sample surface and the associated laser affected 
microstructural region. A microhardness value of 760 HV was achieved for laser treated 
surfaces, accounting for an increase in hardness of up to 67% compared to the as-received alloy. 
The back scattered image of Ti–6Al–4V surface (b) before and (a) after laser surface melting is 
shown in figure 1 (inset). The phase structure transformed from the typical α (dark regions) + β 
(lighter regions) structure before processing into a fine martensite structure after processing due 
to the low residence times used in the experiments which resulted in high cooling rates. An 
associated reduction in β phase from an average of 29%, in the non-laser treated material, to an 
average of 21%, in the laser treated material, was previously recorded via XRD [31]. No 
observable voids, inclusions, or pits were present. 
  
 
After high speed laser treatment, regular processed tracks were observed revealing phase 
transformation in the modified layer with no evidence of ablation of the surface. This crack 
elimination is attributed to the high speed processing, ensuring minimal thermal stress exerted on 
the surface thus avoiding crack development. A detailed investigation of the influence of the 
process parameters on the surface topology has been reported previously [31]. The laser treated 
surfaces had average roughness values between 1.39 and 2.73 μm depending on the the process 
parameters, with the lower roughness values occurring at the higher irradiance values for the 
range of irradiance levels investigated; refer to online supplementary table S1(stacks.iop.org/ 
BMM/10/015007/mmedia). 
Chemical compositions of eight points covering both the untreated and laser melted regions were 
measured. Figure 2 shows the variation in weight percent of the titanium (Ti) element for 
samples LSM 3, LSM 6 and LSM 9. This micrograph also highlights changes in microstructure 
of the laser surface modified sample at the corresponding distances. Within the laser treated 
region, the titanium element composition is uniform at approximately 90% compared to the 
relatively non-homogenous titanium distribution within the bulk alloy. The same trend was 
found for the aluminium alloying element in the online supplementary figure S1(stacks.iop.org/ 
BMM/10/015007/mmedia). 
 
 
3.2. Resazurin cell viability assay  
Subsequent to BALB 3T3 cells being seeded at a density of 30,000 cells on laser treated samples 
in three groups, metabolic activity of cells was investigated after 3 h as a function of reduced 
resazurin to resorufin. The effects of laser treated surface on the reduction of resazurin are shown 
in figure 3. Results are represented as a percentage of the untreated control ±% of standard 
deviation of four individual experiments. 
 
The measurement of reduced percentage of resazurin indicates the viability of cells and the 
integrity of mitochondrial function. Thus, these results clearly show preferential cell growth and 
cell viability on the laser treated surfaces. The variation in the amount of reduced resazurin could 
be attributed to the difference in average roughness between the laser treated samples (average Ra 
of 1.8 µm) and the non-treated sample (average Ra of 0.56 µm). The results from all three groups 
are reported in the online supplementary figures S2–S4(stacks.iop.org/ 
BMM/10/015007/mmedia). 
 
3.3. MTT assay 
3.3.1. Direct contact 
The MTT assay determines the ability of viable cells to convert the soluble tetrazolium salt 
(MTT) into a purple formazan precipitate which can be quantified spectrophotometrically, and is 
directly proportional to the number of viable cells. Figure 4 represents the results for MTT 
viability assessment of NIH/3T3 fibroblast cells following 24 h exposure to the samples. 
 
 
 
Each result is the mean of three separate experiments where n = 3 ± σM, (* denotes a significant 
difference from the control, *p < 0.05). A high degree of reproducibility was achieved as 
indicated by the relatively small error bars. Laser treated samples showed a significant (p < 0.05) 
inhibition of formazan production with viability of ~80% compared to the untreated samples 
which presented viability values below 50% at 24 h exposure. The results clearly indicate that 
the laser treatment increased the cell viability as compared to the untreated samples and had a 
positive impact on reducing the cytotoxicity of the Ti–6Al–4V surfaces. 
 
 
 
Microscopic examinations were carried out on cells exposed to the control, untreated and the 
laser treated sample surfaces; see figure 5. Exposure to untreated surfaces resulted in detachment 
and death of numerous cells as indicated by the deteriorated cell monolayer compared to the 
control; see figures 5(a) and (b). In contrast, the majority of NIH/3T3 cells exposed to the laser 
modified surfaces were still attached and only minor morphological changes, such as detachment 
of single cells, was observed; see figure 5(c). Cell viability percentage was not found to be 
significantly affected for the range of roughness (Ra of 1.3–2.7 µm) and contact angels (25–60°) 
provided within the laser processed samples. 
 
3.3.2. Elusion test. 
Figure 6 shows the effect of various concentrations of untreated and laser melted Ti–6Al–4V 
sample extracts in contact with NIH/3T3 fibroblasts for 24 h using the MTT cell viability assay 
as a measure of toxicity. Each data point is the mean of three separate experiments where n = 18 
± σM. All samples produced a dose dependent decrease in viability. High extract concentrations 
resulted in up to 20% inhibition of formazan production while low concentrations exerted only 
slight cytotoxic behaviour. In general, laser treated samples showed high cell viability compared 
to the non-treated samples. 
 
3.4. Hoechst 33258 DNA pre-osteoblast cell attachment assay 
3.4.1. Cell attachment and proliferation  
Cell attachment after 2 h was with the rage of 15–30% of the number of cells originally seeded 
for all samples. The differences in cell number on day 3 and day 7 are shown in figure 7.  
  
 
One way ANOVA calculations showed no significant difference in cell number at day 3, but 
there were significantly higher numbers of cells at day 7 for all treated samples compared to the 
untreated controls (p < 0.1). This clearly suggests that the laser treated surfaces favoured cell 
metabolism which led to the significant increase in the cell number. The differences between the 
properties of the treated samples were not large enough to show significant differences in cell 
metabolism and proliferation. It is suggested that further studies be undertaken with a wider 
range of laser processing conditions and to develop an assay for evaluation of cell metabolism 
and proliferation over a longer time frame. 
 
3.4.2. Metabolic activity.  
The effect of the samples on pre-osteoblast cell proliferation is shown in figure 8. One way 
ANOVA for each set of data demonstrated that there is no significant difference between cell 
proliferation levels on the laser treated samples. However, the difference between the control 
(untreated sample) and the laser treated samples was significant (p < 0.05). This demonstrates 
that there was enhancement of cell metabolic activity on the laser treated samples compared to 
untreated control Ti–6Al–4V samples. Furthermore 90% confidence intervals showed that there 
was a significant difference between untreated control and the treated samples for the lowest 
time point. 
 
 
 
4.Discussion 
The nature of implant surface is known to play a direct role in determining the biological 
response. The results of this study demonstrate that cellular response to bulk Ti–6Al–4V alloy 
can be improved substantially by the laser surface melting method employed. Unlike other 
surface modification methods, the formation of structures via laser surface melting in this work 
were achieved with set levels of irradiance, high speed processing, low residence times, and 
assisting gas. The processing parameters were carefully chosen so that energy densities did not 
exceed levels that would induce ablation of surface material and hence would exert minimal 
thermal stress in order to avoid the development of surface cracks. Samples with an average 
roughness value (Ra) between 1.39 and 2.73 μm were fabricated via this technique compared to 
the non-laser treated sample roughness of 0.56 μm Ra. Cell adhesion, proliferation, viability and 
metabolic activity of fibroblast cells were evaluated in order to estimate the in vitro cycotoxicity 
response to the laser treated surfaces. 
Direct contact analysis showed improved cytotoxicity behaviour in laser treated samples 
compared to the untreated control. Overall the viability of the NIH/3T3 monolayer did not 
significantly vary from the untreated control monolayer indicating minimal loss of viability 
following treatment with extracts prepared from laser treated samples seven to nine. On the other 
hand, the highest tested concentration of extracts obtained from sample six and untreated samples 
induced a slight but significant (p < 0.05) loss in cell viability indicating the possibility of 
detrimental leachates being present; see figure 6. The release and accumulation of metallic ions 
over time by the way of passive dissolution or another process involving wear can potentially 
lead to discoloration of the surrounding tissue, an inflammatory reaction, and lead to osteolysis 
[32, 33]. However, results from the elution tests indicate that although statistically significant 
reductions in cell viability were observed upon exposure to extracts from untreated samples, cell 
viability remained high for all samples and at an acceptable level for biomedical applications, 
according to ISO10993-5; 2009. Initial positive results from the fibroblast cell lines led to the 
work performed on the osteoblast cell line which is relevant to the usage material in bone repair 
applications. 
Cell attachment and proliferation of MC3T3 preosteoblastic cells in contact with the non-
treated control and the laser treated samples were evaluated at day 3 and day 7. The results 
showed that the laser surface melting did not adversely affect the initial cell attachment on the 
implant surface. No significant difference was detected in cell number at day 3, however cell 
number increased to a significantly higher level within the laser treated samples at day 7. These 
results are in agreement with similar studies reporting the positive effect of laser modification of 
titanium alloys on the biological response [34, 35]. Some groups report a significant difference in 
cell attachment with level of roughness [36], which was not found within the range of roughness 
encountered from the current study. An average 30% cell attachment on laser treated titanium 
alloys was observed, and this value was independent of roughness and contact angle of the 
surface within the ranges investigated. The explanation of this lack of difference in cell 
attachment levels between laser treated samples could possibly be due to the small variation in Ra 
values among the samples examined (between 1–3 µm). 
Metabolic activity was recorded after 1, 3 and 7 d. At day 1 time point, a significantly higher 
metabolic activity was recorded for the laser treated samples in comparison to the non-treated 
control. At day 3 positive metabolic activity was recorded while at day 7 metabolism was 
significantly higher in many of the laser treated samples compared to the day 3 recoded levels. 
While average results show increasing cell proliferation and metabolism for the laser treated 
samples as time progresses, data error bars can also be seen to overlap in some cases. Further 
studies could examine more samples to reduce these as well as cell metabolism and proliferation 
over a longer time frame (i.e. greater than 7 d) and for a larger range of surface roughness levels. 
However, higher average cell attachment and metabolic activity on treated samples compared to 
the untreated controls was confirmed with alamarBlue
®
 assay which indicates the higher 
bioactivity of the treated surfaces [23]. 
Some differences were recorded for the effect of the laser processing parameters for specific 
cell line responses, however these were relatively minor compared to the improved benefits of 
the laser treated surfaces in comparison to the non-laser treated surfaces. The results in this paper 
have shown that the laser treatment employed substantially improves cell adhesion, proliferation, 
and metabolic activity for both fibroblast and pre-osteblastic, relative to non-laser treated 
surfaces for Ti–6Al–4V. In addition, the laser treated surfaces show better long term cell 
proliferation and cellular metabolic activity for pre-osteoblastic cells. The laser treated surfaces 
had increased roughness, reduced β phase (8% reduction), and increased microhardness (250 HV 
increase) in comparison to the non-laser treated surface. Several studies attribute reduced β phase 
(i.e. transformed Ti martensitic structure) in the laser-modified layer to increased corrosion 
resistance due to enhanced chemical inertness [37, 38].  
It is therefore expected that this technique of surface melting has tremendous potential to 
significantly improve the biocompatibility of titanium implants in vivo. Other factors that would 
be altered and which may affect cellular response include resultant changes in oxide layer 
formation [39] and grain structure (including orientation and size). Within the range of tested 
parameters, decisions regarding the optimum parameters should also be based on surface 
durability results such as life times as determined from corrosion or tribological testing [31]. 
 
5.Conclusions 
Biocompatible Ti–6Al–4V alloy surfaces have been fabricated by laser surface melting using a 
CO2 laser in an argon gas atmosphere. The laser treated surfaces showed an enhanced cell 
growth and proliferation compared to the untreated bulk Ti–6Al–4V surface. Metabolic activity 
and cell viability studies demonstrated improved cellular responses in contrast with control 
experiments. Our experiments showed that laser fabricated Ti–6Al–4V alloy surfaces provided 
significantly enhanced cellular attachment and viability above that of the nonprocessed alloy, and 
thus are promising candidates to be utilised as biological implants. Significantly better results for 
specific laser processing parameters and for specific cell assays were recorded indicating the 
potential for implementation of optimised laser processing parameters in order to achieve 
optimum biocompatibility. Further investigations to better understand cell growth mechanisms 
could include a wider range of examination for laser processing parameters and a design of 
experiments to deconvolve of the effects from surface chemistry, roughness, surface area, and 
grain structure (including orientation and size). However, the results presented here indicate that 
significantly increased biocompatibility has resulted from the investigated laser treatments and 
thus this laser surface melting treatment shows great potential to provide improved 
biocompatibility of titanium implants in vivo. 
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